The physico-chemical cell-surface properties of Pseudomonas aeruginosa AKI and i t s adhesion to silicone rubber under flow were compared for cells suspended in phosphate-buffered saline (PBS) or PBS supplemented with 2 O/ O nutrient broth. Addition of 2% nutrient broth to cells suspended in PBS yielded minimal growth and did not significantly change the mean zeta potential of the organisms, which was around -13 mV. However, a comparatively larger proportion of the organisms had more negative zeta potentials in the presence of nutrient broth. This change was concurrent with a slight decrease in cellsurface hydrophobicity, as measured by water contact angles, from 119" to around 112". The initial deposition rate of P. aemginosa AKI to silicone rubber, as studied in a parallel plate flow Chamber, increased from 344 cmm2 s-' in the absence of nutrient broth to 505 cm' 2 s'l in its presence. No stationary level of adhesion was observed in the presence of nutrient broth, instead the number of adhering cells increased steadily at a rate of approximately 85 ern+ s'l.
INTRODUCTION
A wide variety of surface. The initial colonizing organisms are of importance as they play a pivotal role in the linking of the final biofilm to the implant surface (Busscher et al., biomedical implants ranging from mammary and larynx prostheses to urinary and in-1995). travenous catheters are-comprised of silicone rubber (Gristina et al., 1988) . However, common to nearly all biomedical implants is the adhesion of infectious microorganisms that may ultimately lead to removal of the implant. Silicone rubber is especially prone to becoming colonized with Candida, staphylococci, streptococci or Pseudomonas species depending on the site of implantation (Gristina et al., 1988; Salzman & Rubin, 1995) . The development of an infectious biofilm is initiated by the adhesion of bacteria to the implant Initial microbial adhesion to surfaces is generally considered to be an interplay of various physico-chemical properties of the interacting surfaces (i.e. the implant and the microbial cell surfaces), most notably their hydrophobicity and charge Van Loosdrecht et al., 1987a, b) . Physico-chemical studies on microbial adhesion to surfaces are typically carried out with organisms suspended in buffers to avoid microbial growth or other associated complications (Van Loosdrecht et al., 1990) . In vitro studies have identified changes in antimicrobial efficacy (Evans et al., 1990 (Evans et al., , 1991 
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1989), cell-surface hydrophobicity (Ljungh 8c Wadstrom, 1995) and adhesion (Fletcher, 1976; Zeng et al., 1994) , depending upon growth conditions. Alternatively, adhesion studies sometimes involve optimal growth conditions. Recently, Barton et al. (1996a) compared adhesion of Staphylococcus epidermidis, Pseudomonas aeruginosa and Escherichia coli to orthopaedic implant polymers for organisms suspended in phosphate-buffered saline (PBS), tryptic soy broth and hyaluronic acid. They found that adhesion in whole broth was decreased compared to adhesion in buffer, while the presence of hyaluronic acid increased bacterial adhesion.
Although there is a consensus that the metabolic activity of bacteria adhering to surfaces in natural environments under nutrient availability is influenced by the presence of a surface, experimental observations are not consistent. In a review, Van Loosdrecht et al. (1990) summarized studies reporting increased as well as decreased growth rates of bacteria on surfaces as compared to planktonic bacteria, while increased adhesion of metabolically active cells was also found. The mechanisms of surface-associated changes in bacterial behaviour are probably related to nutrient accumulation at the surface and thus are related to the physicochemical properties of the substratum surface, including charge and hydrophobicity, and the physico-chemical nature of the nutrients themselves. The nutrient conditions around a biomaterials implant are extremely complex and possibly vary over time. Thus it is doubtful whether carrying out adhesion experiments with bacteria suspended either in buffers or under optimal laboratory growth conditions as in whole broth, represent clinically relevant conditions.
We have compared, in a parallel plate flow chamber, the adhesion to silicone rubber of a P. aeruginosa strain suspended in PBS or PBS supplemented with a minimal amount of nutrient broth. The metabolic activity of the adhering bacteria was determined under both nutrient conditions by utilizing a viable fluorescent stain (5-cyano-2,3-ditolyl tetrazolium chloride ; CTC) . Furthermore, the effects of supplementing the PBS with a minimal amount of nutrient broth upon the microbial zeta potentials and intrinsic cell surface hydrophobicities (by water contact angles) were measured.
METHODS
Strain and growth conditions. Pseudomonas aeruginosa AK1, a uropathogenic isolate, was used in this study. The strain was streaked and grown overnight at 37 O C from a frozen stock on a nutrient agar plate (Oxoid). The plate was then kept at 4 "C for not more than one week, at which time a new plate was streaked. Several colonies were used to inoculate a ' preculture ' that was incubated at 37 "C in ambient air for 24 h. The 'preculture' was utilized to inoculate a second culture that was grown for 16 h. The bacteria from the second culture were harvested by centrifugation at 5000 g for 5 min at 10 "C and washed twice with Millipore-Q water. Subsequently, the bacteria were sonicated on ice three times for 10 s and then resuspended at a concentration of 3 x 10' cells ml-l in either sterile PBS (10 mM potassium phosphate and 150 mM sodium chloride, pH 7.0) or PBS supplemented with nutrient broth.
To determine the concentration of nutrient broth constituting minimal growth conditions, growth curves were made over a 24 h time interval for cells suspended in PBS (control), in PBS supplemented with various concentrations of nutrient broth (varying from 0.5% to loo/,) and in whole nutrient broth (optimal growth condition). Optical densities of the suspensions were measured with a Spectronic 20 (Bausch & Lomb) at 600 nm.
Silicone rubber. A silastic medical grade silicone rubber kit (47-4750, Nusil) was purchased and plates were produced following the procedures suggested by the manufacturer. Briefly, equal proportions of part A and part B were thoroughly blended together and injected into a mould at room temperature through a 3 mm diam. opening with a force of 3 tons. The silicone rubber was immediately cured at 200 "C for 50 min. Finally, samples were cleaned in a 2% RBS detergent solution under simultaneous sonication and thoroughly rinsed in demineralized water, methanol, again with demineralized water and lastly with Millipore-Q water.
Microbial cell-surface characterization. The Pseudornonas cells used in this study were characterized by their zeta potentials and surface hydrophobicity, as possible determinants for their adhesive cell-surface properties.
For zeta potential measurements (Hiemenz, 1977) , three independently grown cultures were harvested and washed as described above. The collected cells were resuspended The contact angle measurements on P . aeruginosa AKl lawns, of three individual cultures, were done as previously described using the sessile drop technique (van der Mei et af., 1987) as a measure of the intrinsic cell surface hydrophobicity. Briefly, P . aeruginosa AK1 was kept either in water (as for standard contact angle measurements on microbial lawns), sterile PBS or PBS supplemented with 2% nutrient broth for up to 4 h at room temperature. Subsequently, bacteria were harvested, washed, resuspended in Millipore-Q water and deposited on 0.45 pm pore-size cellulose acetate filters to produce a lawn of approximately 50 stacked layers. The P . aeruginosa AK1 lawns were air-dried until so-called 'plateau contact angles ' (Van Oss & Gillman, 1972) could be measured with water, followed by contact angle measurements with formamide, methylene iodide and a-bromonaphthalene.
The parallel flow plate chamber, image analysis and adhesion assay. The flow chamber (dimensions, 1 x w x h = 7 6~3 8 x O 6 m m ) and image analysis system have been described in detail by . Images were taken from the bottom plate (58 x 38 mm) of the parallel plate flow chamber which consisted of a thin square (15 x 15 x 0.5 mm) of silicone rubber affixed centrally into the Adhesion and surface growth of P. aeruginosa groove (58 x 15 x 0.5 mm) of the thicker (2.0 mm) perspex plate. The top plate of the chamber was made of glass. Deposition was observed with a CCD-MXRi camera (High Technology) mounted on a combined fluorescent/phase contrast microscope (Olympus BH-2) equipped with a 40 x ultra long working distance objective (Olympus ULWD-CD Plan 40 PL). The camera was coupled to an image analyser (TEA, Difa).
Prior to each experiment, all tubes and the flow chamber were filled with either PBS or PBS with 2% nutrient broth added, taking care to ensure that all air bubbles were removed from the system. Once the system was filled, and prior to the addition of the bacterial suspension, the fluid was allowed to flow through the system at a flow rate of 0-025 ml s-l corresponding with a shear rate of 10 s-l for 10 min and subsequently switched to the appropriate bacterial suspension at the same flow rate. The bacterial suspension was perfused through the system for 4 h without recirculation and images were obtained in the phase contrast mode of the microscope system at predetermined time points. The increase in the number of adhering bacteria over time, both initially as well as in a more advanced state of the adhesion process was expressed in so-called deposition rates, i.e. the increase in the number of adhering bacteria per unit area and time.
Following 4 h perfusion of the flow chamber with bacterial suspension, flow was switched to buffer without bacteria to remove unbound organisms from the tubes and the flow chamber under the same flow rate and 3 ml of the fluorescent viable cell stain CTC (5 mM) was added without introducing any air bubbles or additional shear. The flow chamber was then incubated in the dark at 37 "C for 2 h. CTC, a tetrazolium stain, fluoresces when taken up and reduced by the electron transport chain of metabolically active bacterial cells (Rodriguezs et al., 1992). The stain can then be observed as red fluorescent crystals within the bacteria at an emission maximum of 602nm. The number of adherent, metabolically active cells were counted at 12 separate locations on the silicone rubber surface utilizing the fluorescent mode of the microscope, while the phase contrast mode of the microscope was used to enumerate the total number of adhering bacteria at the same locations. Fig. 1 shows the growth curves of P. aeruginosa AK1 cells suspended in PBS supplemented with various amounts of nutrient broth. As can be seen, growth is virtually absent when less than 2 % broth is added, while for higher concentrations of broth significant growth occurs. Therefore, minimal growth conditions in the remainder of this paper will refer to PBS with 2 % nutrient broth added. Fig. 2 shows the zeta potential distributions of P. aeruginosa AK1 under the various conditions relevant to this study. The zeta potential distribution of freshly cultured cells in buffer (Fig. 2a) is relatively narrow (SD 5 mV over 1015 cells) with a mean zeta potential of -13 mV. After prolonged exposure to buffer (Fig. 2b) , however, zeta potentials tended to become more negative ( -17 mV), with a higher SD of 11 mV over a population of 399 cells. Exposure of cells to minimal growth conditions (Fig. 2c ) also yielded the appearance of greater numbers of more negatively charged cells, Contact angles, summarized in Table 1 , indicate that P. aeruginosa AK1 is a hydrophobic organism with a water contact angle of around 106", when measured routinely. Both exposure to PBS as well as exposure to PBS supplemented with 2% nutrient broth for 4 h yielded a slight increase in the intrinsic cell surface hydrophobicity as shown by water contact angles, a trend which was also reflected in the formamide contact angles. The contact angles measured with methylene iodide and abromonaphthalene, probing apolar cell surface properties, were not appreciably influenced. However, exposure of bacteria to PBS supplemented with 2 % nutrient broth gave a slight decrease in water contact angles from 119" in PBS to 112". s (SD over three separate experiments), while fluorescent microscopy indicated that only 2 % of the adhering organisms were metabolically active. Under minimal growth conditions, the initial deposition rate 9 mV (SD over 278 cells) was observed. was slightly higher (505 79 cm-2 s-l) while no stationary level of adhesion was obtained. Instead, the number of adhering micro-organisms steadily increased, even after 200 min, at a rate of approximately 85 f 31 cm-2 s-'. However, the percentage of metabolically active cells under minimal growth conditions was much higher than in PBS and amounted to 67 Yo.
RESULTS

DISCUSSION
In this work adhesion of P. aeruginosa AK1 to silicone rubber was studied in a parallel plate flow chamber, with both metabolically active and inactive bacteria. The conditions chosen to stimulate metabolic activity of the bacteria were such that minimal growth of bacteria in suspension occurred. The deposition kinetics observed in this study demonstrate that the number of bacteria adhering to the silicone rubber from PBS supplemented with 2% nutrient broth did not reach stationary numbers in contrast to bacteria suspended in PBS. Instead, even after 3 h, the number of bacteria on the silicone rubber increased at a rate of 85 cm-2 s-l in PBS supplemented with 2 O/O nutrient broth. Considering that neither the zeta potentials nor the cell surface hydrophobicities of the majority of metabolically active bacteria change in a direction anticipated to be accompanied by increased adhesion (Van Loosdrecht, 1987a, b) , we attribute this increase to surface-associated growth (Van Loosdrecht, 1990 ). We do not believe Adhesion and surface growth of P. aeruginosa that the presence of only 2 % nutrient broth in suspension stimulates significant growth of planktonic bacteria, but accumulated nutrients may be available at the silicone rubber surface in sufficient concentration to yield significant growth of adhering bacteria (Pringle & Fletcher, 1986; Hawthron & Reid, 1990; Reid et al., 1994 ; Marshall, 1985) .
The deposition kinetics of metabolically inactive bacteria in a parallel plate flow chamber are governed by convective-diffusion and desorption (Sjollema et al., 1989) . Although bacterial desorption is measurable (Meinders et al., 1994) , desorption rates are usually small and in the order of s-l, which is negligible compared to the adsorption rate. The difference in initial deposition rates between bacteria suspended in PBS and in PBS supplemented with nutrient broth may be associated with a growth component (Bryers 8c Characklis, 1992) . The difference in initial deposition rates under the two nutrient conditions amounts to 171 cm-2 s-l, of which 67% appeared as metabolically active bacteria by CTC staining. Consequently, it can be calculated that growth will contribute to the number of adhering bacteria at a rate of 114 cm-2 s-l, which corresponds well, within experimental reproducibility, with the increase in the number of adhering bacteria after 3 h, i.e. 85 cm-2 s-l and thus constitutes a quantitative confirmation of the hypotheses on surface accumulation of bacteria by deposition and surfaceassociated growth (Van Loosdrecht et al., 1990) . Barton et al. (1996b) compared the growth rates of S. epidermidis, P. aeruginosa and E. coli in their planktonic state when suspended in tryptic soy broth and when adhering to various polymers. Generation times of planktonic bacteria were shorter than those of adhering bacteria. For adhering P. aeruginosa, generation times between 37 and 51 min were reported, depending on the substratum surface. From our present results, it can be estimated that under minimal growth conditions on silicone rubber, the generation time of P. aeruginosa AK1 amounts to 136 min, which is about threefold longer than the generation times reported by Barton et al. (1996b) for optimal growth conditions. Physico-chemical cell-surface characteristics of more metabolically active bacteria were on average identical to those of inactive bacteria, although the water contact angles indicate a minor decrease in intrinsic cell surface hydrophobicity (see Table 1 ). Unfortunately, water contact angles do not give information on individual bacteria. Particulate microelectrophoresis is capable of providing zeta potentials of individual bacteria and showed that a population of metabolically more active bacteria contains a larger proportion of more negatively charged bacteria than a suspension of metabolically inactive bacteria. These observations suggest that metabolically active cells change their cell surface properties during their division cycle. Whereas the cell surface hydrophobicity changed only slightly, newly formed cells had significantly more negative zeta potentials.
Earlier, Gilbert et al. (1991) also found that the growth phase of E. coli and S. epidermidis affected the electrophoretic mobility of these bacteria. E. coli was shown to be less negatively charged in its lag phase than in its early exponential growth phase (Allison et al., 1990b) , S. epidermidis showed a decrease in negative surface charge towards neutrality with progression of the growth phase into mid-exponential phase and restoration of the negative charge after entry into the stationary phase. Our present results on the intrinsic hydrophobicity of P. aeruginosa under growth confirm the conclusion by Allison et al. (1990a) that newly formed daughter cells of this organism are more hydrophilic.
In summary, this paper demonstrates that quantitative data on adhesion and surface-associated growth of P. aeruginosa can be interpreted to yield the separate contributions of deposition by convective-diffusion and of growth. Analysis of bacterial deposition data obtained in the parallel plate flow chamber under minimal growth conditions is more complicated than in the absence of nutrients in suspension, but is more relevant to the events occurring in natural environments without impeding a physico-chemical approach.
